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Summary
Evidence on the relationship between the vitamin D pathway and outcomes in melanoma is growing, although it is not always clear. We investigated the impact of measured levels of sun exposure at diagnosis on associations of vitamin D receptor gene (VDR) polymorphisms and melanoma death in 3336 incident primary melanoma cases.
Interactions between six SNPs and a common 3′-end haplotype were significant (p < .05). These SNPs, and a haplotype, had a statistically significant association with survival among subjects exposed to high UVB in multivariable regression models and exerted their effect in the opposite direction among those with low UVB. SNPs rs1544410/BsmI and rs731236/TaqI remained significant after adjustment for multiple testing. These results suggest that the association between VDR and
| INTRODUCTION
Sun exposure is a recognized carcinogen, and intermittent exposure to UV is a well-known risk factor for developing melanoma. However, sun exposure has not been associated with death in these individuals. Studies that addressed the effect of a "presumed" sun exposure have provided mixed results (Boniol, Armstrong, & Dore, 2006; Garland, Garland, & Gorham, 2003; Jemal, Devesa, Fears, & Hartge, 2000) . Few and more robust investigations included individual-level measured data and utilized information such as anatomic site, sunburns, intermittent sun exposure, solar elastosis, and sunny vacations (Berwick et al., 2005 (Berwick et al., , 2014 Heenan, English, Holman, & Armstrong, 1991; Rosso, Sera, Segnan, & Zanetti, 2008) . Using a comprehensive set of variables measured across the life span, we found a protective effect of sunburns (HR 0.27, 95% CI 0.09-0.85) within the decade of diagnosis (Berwick et al., 2014) . Overall, the evidence suggests that UV exposure may exhibit a restraining effect on melanoma. Sun exposure might improve survival through the production of epidermal vitamin D, a hormone with an antiproliferative effect on melanoma cells in vitro and in xenografts (Colston, Colston, & Feldman, 1981; Danielsson, Fehsel, Polly, & Carlberg, 1998; Eisman, Barkla, & Tutton, 1987; Evans et al., 1996; Ishibashi, Arai, Tanaka, Onda, & Hirano, 2012; Yudoh, Matsuno, & Kimura, 1999) . Meta-analyses have demonstrated a benefit of vitamin D supplementation on survival in patients with cancer (Hu, Callen, Li, & Zheng, 2017; Keum & Giovannucci, 2014; Schottker et al., 2014) . In relation to melanoma, a few epidemiologic studies have investigated the relationship of serum vitamin D and disease-specific outcomes (Bade et al., 2014; Fang et al., 2016; Gambichler, Bindsteiner, Hoxtermann, & Kreuter, 2013; Newton-Bishop et al., 2009; Nurnberg et al., 2009; O'shea, Davies, & Newton-Bishop, 2016; Randerson-Moor et al., 2009 ); higher vitamin D levels have been associated with thinner tumors (Bade et al., 2014; Gambichler et al., 2013; Randerson-Moor et al., 2009) , although this effects may also be due to greater surveillance. Higher vitamin D levels have been associated with longer overall and melanoma-specific survival (Bade et al., 2014; Fang et al., 2016; Newton-Bishop et al., 2009; O'shea et al., 2016) .
Vitamin D exerts its effects through the vitamin D receptor (VDR), and VDR expression has been associated with less aggressive disease or to better outcome in several cancers (Ahearn et al., 2016; Ferrer-Mayorga et al., 2017; Hendrickson et al., 2011; Jozwicki, Brozyna, Siekiera, & Slominski, 2015) . In melanoma, VDR expression has been linked to less advanced stages and more favorable tumor characteristics (Brozyna, Jozwicki, & Slominski, 2014) . The VDR expression and function can be affected by genetic and epigenetic events (Saccone, Asani, & Bornman, 2015; Uitterlinden, Fang, Van Meurs, Pols, & Van Leeuwen, 2004) . We and others have previously reported significant associations between VDR polymorphisms and melanoma survival (Orlow et al., 2016) . Here we investigate whether these associations are modified by UVB exposure.
| RESULTS
Of the 3336 incident primary cases with sun exposure, genetics, and outcomes data available for analysis, 238 (7.1%) died of the disease, and 286 (8.6%) died of other causes. The average follow-up time was 7.6 years (range 0.4-10.6). Main effect associations of SNPs and survival in GEM have been recently described (Orlow et al., 2016) . Table 1 describes demographic, clinical, and histologic characteristics of the participants.
We found significant interactions (p-value <.05) between 6 VDR SNPs located in the promoter (rs1989969) and the coding region (rs12370156, rs2238140, rs7305032, rs1544410, rs731236) and UVB exposure (Table 2; Table S1 ). Competing risk models revealed that for the minor alleles (rs1544410, rs731236) and the major alleles (rs1989969, rs12370156, rs2238140, rs7305032), the risk of melanoma-specific death was significantly reduced among those with high UVB exposure in the decade of diagnosis, after adjustment for covariates (Table 2, Model A; Table S1 ). In this high exposure group, the per-allele effect on risk of death ranged from 25% to 33%. Two SNPs (rs1544410/BsmI, rs731236/TaqI) remained significant after adjustment for multiple testing (p-value <.001). Among those in the low UVB group, we observed the opposite effect, although associations melanoma-specific survival is modified by sun exposure around diagnosis, and require validation in an independent study. Whether the observed effects are dependent or independent of vitamin D activation remains to be determined. did not reach statistical significance. We also analyzed the effect of sun exposure on the associations of VDR SNPs and survival by dividing data into quartiles of sun exposure levels. Although not significant, the subdistribution hazard ratios confirmed a distinct effect among those in the highest quartile (Q1 ; Table S2 ).
Five significant SNPs, located in the 3′ end of the VDR, are in high LD ( Figure S1 ). The haplotype T-T-A-A(B)-C(t) was inversely associated with melanoma death after accounting for competing risk of other causes of death among individuals exposed to high UVB (subdistribution hazard ratio, sHR 0.64, 95% CI 0.50-0.81; Table 3, Model A). We observed the opposite effect among individuals exposed to low UVB levels (sHR 1.26), although the effect was not statistically significant.
The global interaction was statistically significant (p = .04). Figure 1 compares the main effect and the effect of genotypes and haplotype according to UVB levels in relation to melanoma death.
In secondary analysis, after including Breslow in the competing risk model we found that the per-allele effects on melanoma death were similar to those observed in the main analysis for the significant SNPs (Table 2, Model B). The interaction with high UVB remained significant for 3 SNPs (rs2238140, rs1544410, rs731236) and borderline significant for one SNP (rs12370156). The haplotype T-T-A-A(B)-C(t) remained significantly associated with melanoma death among T A B L E 1 Selected characteristics of GEM study participants (N = 3,336) individuals exposed to high UVB (per haplotype subdistribution hazard ratio, sHR 0.67, 95% CI 0.52-0.88; global interaction, p = .041; Table 3 , Model B).
| DISCUSSION
In this prospective, population-based cohort of 3336 incident primary melanoma cases we found that six VDR SNPs (rs1989969, rs12370156, rs2238140, rs7305032, rs1544410, rs731236), and a haplotype located in the 3′-end of the VDR gene interacted with sun exposure levels in the decade of diagnosis to exert an effect on melanoma-specific death, and the associations of two SNPs within the high UVB group (rs1544410/BsmI, rs731236/TaqI) remained significant after correction for multiple testing. Among individuals exposed to high levels of UVB, we also observed a moderate protective effect for a common haplotype derived from five SNPs (including rs1544410 and rs731236). The opposite effect was noticed among those exposed to low UVB levels, albeit the association was not statistically significant, possibly due to reduced power to detect the association in this smaller group. These results provide additional evidence implicating the vitamin D pathway in melanoma survival and suggest that UVB can modify the effect of some common VDR polymorphisms.
Our results are plausible considering that sun exposure is the main source of vitamin D and that this hormone exerts several tumor suppressor effects by binding to its receptor (Feldman, Krishnan, Swami, Giovannucci, & Feldman, 2014) .
Five significant SNPs located in the 3′-end of the VDR are noncoding, and while no data are yet available regarding their function in melanocytes, supporting in vitro data varies according to other cell types (Uitterlinden et al., 2004) . The significant rs1989969 is located in an evolutionary conserved region upstream of the translation start, and T-alleles are responsible for the differential binding of the transcription factor (TF) GATA-1 to the VDR gene. 33 GATA-1 is generally T A B L E 2 Effect of VDR SNPs on melanoma death according to levels of sun exposure around time of diagnosis after accounting for competing risk of death from other causes a Relative 5′ to 3′ position within the VDR gene Refseq, reference sequence. b Effect reported for minor alleles for SNPs rs1989969, rs1544410, and rs731236, and for major alleles for SNPs rs12370156, rs2238140, and rs7305032.
c N total and N deaths refer to the total number of subjects and to the number of melanoma-specific deaths within each category of sun exposure, respectively. d Subdistribution hazard ratio (sHR) for melanoma-specific death and 95% Confidence Intervals (95%CI). e Interaction p-value. p-values ≤0.05 are shown in bold font. Model A: adjusted for age at diagnosis of the first primary melanoma, sex, study center, anatomic site of the deepest primary melanoma, the presence of multiple primary melanomas, and time-dependent crossover status (patients who entered the study with single primary melanoma and developed a subsequent melanoma during follow-up). Model B: adjusted for age at diagnosis of the first primary melanoma, sex, study center, anatomic site and Breslow thickness of the deepest primary melanoma, presence of multiple primary melanomas, and timedependent crossover status (patients who entered the study with single primary melanoma and developed a subsequent melanoma during follow-up). Allele frequencies and N total/N deaths for each individual genotype can be found in the Table S1 . Allele frequencies and N total/N deaths for each individual genotype can be found in the Table S1 .
regarded as a negative TF, and although specific information for melanomas is lacking, in esophageal adenocarcinomas the rs1989969-T allele (responsible for greater risk of melanoma death in our study among those with high UVB) was linked to reduction in VDR expression (Janmaat et al., 2015) .
Only one other study has addressed the potential VDR gene-envi- (Zgaga et al., 2014) , suggesting that greater amounts of the ligand are required to overcome "defective" VDR alleles.
The evidence on the relationship between the vitamin D pathway and outcomes in melanoma is growing NewtonBishop et al., 2009 NewtonBishop et al., , 2015 O'shea et al., 2016; Orlow et al., 2016; Sondak, Mciver, & Kanetsky, 2016; Yin et al., 2016) , although it is not always clear (Saiag et al., 2015) . Fang et al. (2016) recently demonstrated that vitamin D levels were significantly associated with overall, disease-free, and melanoma-specific survival. Results from a recent meta-analysis (Yin et al., 2016) found a significant effect on melanoma survival for polymorphisms in the vitamin D "carrier" (VDBP) and retinoid X receptor (RXRA), which forms heterodimers with VDR that subsequently bind to vitamin D response elements (Feldman et al., 2014; Holick, 2007) . These results build on prior data which showed that several VDR polymorphisms were associated with disease-specific survival (Orlow et al., 2016) . Compared to their main effects on melanoma death, here we noticed a somewhat greater effect in the presence of high sun exposure. For example, each additional rs1989969-effect allele showed a non-statistically significant overall 11% elevated risk of melanoma death (sHR 1.11, 95% CI, 0.93-1.33) which increased to 25% among those with high UVB (Table 2) . Similarly, BsmI showed an overall 23% reduced risk of death (sHR 0.77, 95% CI, 0.64-0.93), while here we noticed a 32% per-allele reduction among those with high UVB. Three additional polymorphisms that were previously reported in association with melanoma survival (rs7299460, rs3782905, and rs2239182) were found to be associated with melanoma survival among those with high UVE. However, the effect of these variants on progression is not appreciably different according to UVB levels, resulting in interaction p-values that do not reach statistical significance. The reported effect on survival for the functional SNP rs2239182 (Orlow et al., 2016 ) may be driven mainly by the group of cases exposed to high levels of UVB. Similar to our prior report and to findings reported by Newton-Bishop et al.
(2009), we found no effect for rs2228570 (FokI).
To our knowledge, this is the first study to date to investigate interactions between VDR polymorphisms and sun exposure and their effects on melanoma survival. The strengths of this study include its size, population-based accrual, comprehensive measures of UVB T A B L E 3 Effect of VDR haplotype on melanoma death according to levels of sun exposure at diagnosis after accounting for competing risk of death from other causes p-values ≤0.05 are shown in bold font. Model A: adjusted for age at diagnosis of the first primary melanoma, sex, study center, anatomic site of the deepest primary melanoma, the presence of multiple primary melanomas, and time-dependent crossover status. Model B: adjusted for age at diagnosis of the first primary melanoma, sex, study center, anatomic site of the deepest primary melanoma, the presence of multiple primary melanomas, and time-dependent crossover status.
exposures, plus the inclusion of a substantial number of VDR polymorphisms. In addition, our results can be likely generalized due to the geographically diverse population. The lack of published equivalent cohorts with detailed UV exposure data and extended follow-up hampered replication of our findings. Additional limitations to our work include potential misclassification of the UVB measure, which uses self-reported hours in combination with actual measured sun exposure, but its misclassification is likely to bias the results toward the null. Other unmeasured variables include serum vitamin D and body mass index, a host factor that can limit the bioavailability of vitamin D (Holick, 2007) . We have observed no evidence for an association between VDR SNPs and tumor characteristics (Orlow et al., 2016) , and have not included these variables in our main model. It is possible that other vitamin D-independent mechanisms such as healthier lifestyles are also at play (Juzeniene & Moan, 2012) , although preliminary data on physical activity in this cohort suggest a null effect on outcomes (Schwitzer et al., 2017) . Finally, one can also consider that melanomas arising in people exposed to higher UVB are biologically different.
Even though there is some evidence of a beneficial effect of sun exposure in other conditions (Juzeniene & Moan, 2012) , our results should be considered cautiously, first and foremost because high UVB is a well-known skin cancer risk factor (Gandini et al., 2005) . Second, although there is some evidence of a protective effect of vitamin D in other cancers (Feldman et al., 2014; Zgaga et al., 2014) 
| METHODS

| Study subjects and data collection
Subjects were recruited (1998 to 2003) through an international multicenter study of melanoma, the Genes, Environment, and Melanoma Study (GEM). The GEM population, identified in eight populationbased registries in Australia, Canada, Italy, and USA, and one hospital center in the United States, consists of 2,372 single primary and 1,206
Effect of sun exposure levels and VDR genotypes and 3′ haplotype on melanoma death. Subdistribution Hazard Ratios (sHR) and 95% Confidence Intervals (95% CI) for six significant VDR SNPs on melanoma death according to levels of sun exposure (high levels, orange triangles pointing up; low levels, blue triangles pointing down) after accounting for competing risk of death from other causes. By comparison, note the main effect when sun exposure is not considered (black squares). N total represents the total number of participants included in this study and N events, the total number of melanoma-specific deaths. The per-allele HRs, 95% CI, and p-values correspond to the main effect regardless of levels of sun exposure (table) . The per haplotype sHR, 95% CI, and p-values correspond to the 3′ UTR haplotype block formed by rs12370156, rs2238140, rs7305032, rs1544410 (BsmI), and rs731236 (TaqI) [Colour figure can be viewed at wileyonlinelibrary.com] Caucasians, 36 (1%) non-Caucasians, and 19 (0.5%) participants with unknown race. Details of the study design and its rationale have been published (Begg et al., 2006; Orlow et al., 2016) . The human research oversight committees at each of the GEM sites approved the study protocol. All the participants signed written informed consent. After removing non-white participants and those with missing sun exposure or genotyping data, a total of 3,336 incident primary cases were included in this analysis.
| Sun exposure
We selected UVB dose as our sun exposure measure because its wavelength (280-315 nm) induces production of vitamin D (Holick, 2007) .
UVB dose was obtained by coding individual residential histories by latitude, longitude, and altitude from birth to age at diagnosis. Ambient UVB exposure was calculated for the decade of age corresponding to melanoma diagnosis (the most recent lesion for those with multiple primaries) by extracting UVB-specific information from satellite measures of irradiance at the earth's surface (Berwick et al., 2014; Thomas et al., 2010) . For the same decade, ambient UVB was multiplied by the self-reported time spent outdoors on weekends and weekdays.
Because in most individuals vitamin D synthesis occurs within few minutes of sun exposure, we dichotomized exposure levels into two unequal categories: low (lowest quartile of the UVB dose level -Q1) and high (if >Q1, or Q2-3-4) . We performed sensitivity analysis by splitting data into four quartiles and testing for significant linear trends of increase or decrease in the sHRs across the four quartiles (Table S2 ).
| Genotyping
The selection of 38 VDR SNPs, genotyping, and quality control procedures have been described elsewhere (Orlow et al., 2012 (Orlow et al., , 2016 .
Briefly, we included SNPs with known or suspected impact on the transcription, stability, and/or VDR activity SNPs reported as significant in other association studies and a set of tag SNPs described among Caucasians. For most SNPs, we arbitrarily considered the most common (i.e., major) allele as the reference allele and the least frequent (i.e., minor) allele as the effect allele. For rs12370156, rs2238140, and rs7305032, the most common allele is reported as the effect allele due to the region's pattern of linkage disequilibrium (LD).
| Outcomes
A thorough search for deaths and their causes was completed, and information on vital status (alive at the end of follow-up, dead of disease, dead of other causes) was obtained for all the participants. 
| Statistical analysis
Our main analysis focused on the interaction between VDR SNPs/ haplotypes and sun exposure and their effect on melanoma-specific death within strata based on UVB exposure.
Previous literature has reported biased estimates when Cox proportional hazards models were used to describe the risk of disease outcomes in the presence of other competing risk events (Southern et al., 2006; Wolbers, Koller, Witteman, & Steyerberg, 2009 ). The amount of bias depends on frequency and distribution of competing events. To reduce this bias, we used the Fine and Gray model (Fine & Gray, 1999) to assess the SNP effects on the cumulative incidence of melanoma death adjusting for other non-melanoma causes of death, which was demonstrated the ability to provide more refined estimates of an individual's risk of experiencing the event of interest (Lau, Cole, & Gange, 2009 ). The proportional hazards assumptions for the Fine and
Gray model was assessed using score tests employing the Schoenfeld residuals adapted to competing-risks data (Zhou, Fine, & Laird, 2013) as well as Schoenfeld residual plots against the time variable. We found no evidence of violation from the assumption of proportional subdistribution hazards for the evaluated SNPs.
Statistical significance was assessed with the Wald test. The endpoint was either date of melanoma death, date of death from nonmelanoma causes, or end of follow-up for the censored patients. There was no loss of follow-up. Survival time was accumulated from the diagnosis date of the index lesion (date of the first primary for patients with single primaries and the date of the more recent lesion for patients with multiple primaries). We adjusted for potential confounding factors including age, sex, anatomic site (site of the thickest lesion for those with multiple primaries), as well as study center, single and multiple primary melanoma status, and a time-dependent covariate for individuals with single primaries who developed subsequent melanoma during follow-up. We previously reported lack of evidence of association between tumor characteristics and VDR in our cohort (Orlow et al., 2016) . Based on existing in vitro evidence, we hypothesize that vitamin D or UVB exposure impacts melanoma outcomes through reduced cell proliferation that might manifest as thinner melanomas. If true, tumor thickness acts as an intermediate marker on the causal chain from sun exposure to better melanoma survival. Because adjusting for thickness when examining the association of sun exposure with melanoma survival could underestimate the prognostic effects of sun exposure and VDR SNPs, we adjusted for melanoma thickness only in secondary analyses.
Per-allele interactions between SNPs and sun exposure were examined using an additive genetic model where genotypes were coded as ordinal (0,1,2) variables, and sun exposure levels were dichotomized as high vs low based on the lowest quartile UVB dose cutoff p-values were calculated for each of the interactions.
To adjust for multiple testing, the joint distribution of the test statistics for the SNPs was approximated by an efficient Monte Carlo simulation and this joint distribution was then used to determine a multiple testing threshold that appropriately controls the family-wise error rate. This adjustment properly accounts for the LD between SNPs and is slightly less conservative than the traditional Bonferroni correction method (He, Avery, & Lin, 2013; Lin, 2005) .
The haplotype blocks in strong LD (upper 95% confidence bounds of D'≥0.95) were estimated using the confidence interval method (Gabriel et al., 2002) in Haploview 4.2. We investigated the effect of the haplotype for SNPs in high LD located in the 3′ end of the VDR gene (rs12370156-rs2238140-rs7305032-rs1544410-rs731236) with PHASE version 2.1 software to infer haplotype frequencies (Stephens & Scheet, 2005) . Haplotypes with frequency <0.01 were combined into one category. The haplotype associations with survival
were assessed in a competing-risks regression framework by relating inferred individual haplotype probabilities to the survival outcome.
This method effectively took into account the haplotype phase uncertainty and reduced bias (Zaykin et al., 2002) .
All the analyses were performed using statistical software R (version 3.2.2) and SAS (version 9.4).
